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acute kidney injury; proximal tubule; RNA-binding proteins RENAL ISCHEMIA-REPERFUSION (I/R) injury is a major cause of acute kidney failure, a clinical condition that despite decades of basic research and technical advances remains associated with high morbidity and mortality (12, 40) . Thus understanding the molecular mechanisms of renal cell injury is of particular importance to the prevention or treatment of acute renal failure. Various cellular events contribute to the I/R injury, including reduced cellular ATP levels, damage to the cytoskeleton, generation of reactive oxygen species, accumulation of inflammatory cells, and other shifts in cellular activity (12, 36, 48) . A number of recent studies have examined whether activation or inhibition of specific intracellular signaling pathways provides protection from I/R injury. It has been reported that preconditional activation of hypoxia-inducible factors (7) , gene silencing of complement 3 and caspase 3 (51) , and adenovirusmediated Bcl-2 and Bcl-X L gene transfer (10, 11) ameliorate ischemic acute renal failure, whereas pretreatment with cyclooxygenase (COX)-2 inhibitor augments the degree of renal dysfunction and injury caused by I/R (38) .
Our previous results using the proximal tubule cell line LLC-PK 1 subjected to ATP depletion and recovery suggested a role for human antigen R (HuR) in protecting kidney epithelia from injury during ischemic stress (19, 20) . HuR is a ubiquitously expressed member of the ELAV family of proteins, participating in posttranscriptional regulation of mRNAs bearing uridine-rich or adenine-and uridine-rich elements (AREs) in their 3Ј-untranslated sequences (27) . Through identification of its targets, HuR has emerged as an important regulator in cell 3Ј-untranslated division, carcinogenesis, immune responsiveness, and the response to cellular stress (15, 26) . The protective role of HuR during cellular stress is effected, at least partially, through its positive influence on the expression of antiapoptotic genes, as well as its negative effect on proapoptotic genes. HuR was shown to stabilize SIRT, a major antiapoptotic protein, the human ortholog of Sir2 (the stress-response and chromatin-silencing factor in S. cerevisae) (2) . Prothymosin ␣ (ProT␣), an inhibitor of apoptosome formation, is regulated by HuR via elevation of its translation (23) . More recently, two other HuR target mRNAs that encode antiapoptotic proteins, Bcl-2 and Mcl-1, have been identified (1) . Available evidence indicates that HuR contributes to maintaining their elevated levels, although the precise mode of its action remains to be elucidated. HuR also modulates the expression of numerous proteins that indirectly prevent apoptosis by involvement in regulation of cell signaling (24, 31) , cell division (47) , and other functions. Under normal cellular growth conditions, HuR is localized predominantly in the nucleus, while stabilization and regulation of ARE-containing mRNA is associated with translocation of HuR to cytoplasm. In the nucleus, HuR has been postulated to participate in the processing of pre-mRNA (likely splicing and export), although these functions remain poorly understood. Recent data about the function of HuR as an alternative Fas pre-mRNA splicing regulator provide new insight about HuR as an antiapoptotic and survival factor (18) .
In our previously published work on the LLC-PK 1 proximal tubule cell model, energy depletion at the cellular level caused detectable net movement of HuR out of the nucleus, followed by net movement of HuR back into the nucleus on reversion to normal growth medium. Changes observed in HuR protein and mRNA levels during ATP depletion and recovery also suggested a role for HuR in preconditioning LLC-PK 1 cells to multiple ischemic insults (20) . To further explore HuR's function in protecting renal epithelia from stress, we examined the role of HuR expression in the protection of LLC-PK 1 cells from apoptosis, as well as its expression and distribution in rat kidneys subjected to I/R injury.
MATERIALS AND METHODS

Antibodies.
A mouse monoclonal antibody against HuR was purchased from Santa Cruz Biotechnology (Santa Cruz, CA), as was a rabbit polyclonal against Bcl-2. Mouse monoclonal antibodies against aquaporin-1 (AQ1) and ␤-actin were purchased from Abcam (Cambridge, MA). Rabbit polyclonal antibodies against aquaporin 2 (AQ2), thiazide-sensitive NaCl cotransporter (TSC), and the chloride channel CLC-K were purchased from Chemicon International (Temecula, CA). A rabbit polyclonal antibody against Tamm-Horsfall glycoprotein (THP) was purchased from Biomedical Technologies (Stoughton, MA). A mouse monoclonal against Hsp70 was purchased from BD Biosciences (San Jose, CA).
Culture of LLC-PK 1 cells and modulation of HuR levels. LLC-PK1 cells (American Type Culture Collection, Manassas, VA) were cultured in Dulbecco's modified Eagle's medium containing penicillin/ streptomycin and supplemented with 10% fetal bovine serum at 37°C in 5% CO 2. For ATP depletion experiments, when cells became confluent the culture medium was replenished and cells were incubated overnight. The next morning, cells were rinsed twice with phosphate-buffered saline and the culture medium was replaced with prewarmed Dulbecco's modified Eagle's medium base supplemented with L-glucose, sodium bicarbonate, and 0.1 M antimycin A for 0 -6 h. For small interfering RNA (siRNA)-mediated knockdown of HuR, LLC-PK 1 cells were plated at 40 -50% confluence on six-well plates and transfected transiently with a previously described HuR siRNA (19) of the following sequence: 5Ј-GGAGGAGUUACGAAGUCUGtt-3Ј (sense); 5Ј-CAGACUUCGUAACUCCUCCtg-3Ј (antisense). The HuR siRNA or a nontargeting control (Ambion, Austin, TX) was transfected at 50 nM using Lipofectamine with Plus reagent (Invitrogen, Carlsbad, CA). For overexpression of a FLAG-tagged HuR cDNA, addition of FLAG to the COOH-terminal end of the full-length murine HuR coding region was performed using a QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA) according to the manufacturer's recommendations. This cDNA, subcloned in expression vector pcDNA3.1 (Invitrogen), or pcDNA3.1 alone as a control, was stably transfected into LLC-PK 1 cells. Transfections were performed using Lipofectamine and Plus reagent (Invitrogen). Forty-eight hours posttransfection, cells were treated with 800 g/ml geneticin (Invitrogen); following expansion of cells, individual colonies were selected and Flag-tagged HuR expression was proved by Western blotting and immunocytochemical analysis, using an antiFlag M2 antibody (Sigma-Aldrich, St. Louis, MO).
Apoptosis assays. For caspase assays of siRNA-treated cells, 5 ϫ 10 3 LLC-PK1 cells were seeded in 96-well plates, grown to confluence, and transfected with HuR or control siRNAs, as above. Cells were subjected to ATP depletion 48 h posttransfection and assayed for relative caspase 3/7 activity using the Caspase Glo 3/7 Assay kit (Promega, Madison, WI). HuR-overexpressing cells or controls were seeded at 12 ϫ 10 3 /well, grown to confluence, subjected to ATP depletion, and assayed for caspase 3/7 activity using the same kit. Each treatment was performed in triplicate, and three such independent experiments were performed. For enumeration of apoptotic nuclei, siRNA-treated, HuR-overexpressing, or control cells were cultured on glass coverslips in 24-well plates. Following ATP depletion, cells were permeabilized, fixed with 4% paraformaldehyde, and stained with Hoechst stain (1 g/l). Samples were examined under a Nikon Eclipse 80i epifluorescent microscope. Condensed or fragmented nuclei were scored as apoptotic, and three similar fields of cells were enumerated for each time point.
I/R injury of rats. Care of the rats before and during the experimental procedures was conducted in accordance with the policies of the National Institutes of Health Guide for the Care and Use of Laboratory Animals. All protocols had received prior approval by the Institutional Animal Care and Use Committee at Indiana University. Male Sprague-Dawley rats (ϳ250 g) were housed in pairs in standard shoe-box cages with a 12:12-h light-dark cycle. Animals were acclimated to standard laboratory chow (Teklad 2018S, Harlan). Food and water were available ad libitum. To induce acute renal failure, rats were anesthetized with ketamine (100 mg/kg ip) and pentobarbital sodium (25 mg/kg ip) and placed on a heated surgical table. Following a midline incision, the blood supply to the kidneys was interrupted by applying microvascular clamps on the renal pedicles of both kidneys for a period of 30 min (42) . One group of animals was killed immediately following the ischemic period, while in other groups, clamps were removed to allow reperfusion and recovery for 1, 6, or 24 h or 14 days. To demonstrate preconditioning against multiple insults, one group of rats was subjected to I/R treatment for 14 days before a second treatment for 24 h.
Measurement of renal function. For measurement of serum creatinine, tail blood samples (0.5 ml) were collected into heparinized tubes and plasma was obtained by centrifugation. Serum creatinine values were determined using a Beckman Creatinine II analyzer (Beckman Coulter, Fullerton, CA). At the indicated times, rats were anesthetized with ketamine-HCl (60 mg/kg), xylazine (6 mg/kg), and acepromazine maleate (0.9 mg/kg). The kidneys were quickly removed and cut longitudinally; representative kidney pieces were fixed by immersion in 10% formalin and processed in paraffin for histological analysis. Other pieces were separated into renal cortex and medulla and were snap-frozen in liquid nitrogen and stored at Ϫ80°C for subsequent biochemical analysis.
Immunohistochemistry. Paraffin-embedded sections (5-m thick) were heated at 65°C for 1 h. After deparaffinization in xylene and rehydration through an ethanol series, then H 2O, slides were placed in 10 mM citric buffer (pH 6.0, 0.05% Tween 20) and microwaved three times for 3 min each at 3-min intervals to unmask antigen epitopes. After microwaving, slides were allowed to cool for 20 min at room temperature. For detection of THP, antigen retrieval was performed by treatment with proteinase K (Dako, Carpinteria, CA) for 5 min at room temperature. Endogenous peroxidase activity was quenched by treatment with 3% hydrogen peroxide in absolute methanol for 30 min. Slides then were washed in PBS containing 0.05% Triton X-100 and incubated in normal blocking serum (Vectastain Elite ABC kit, Vector Laboratories, Burlingame, CA) for 30 min. After washing in PBS, slides were incubated with the primary antibodies. Tissue sections again were washed in PBS with 0.05% Triton X-100, and immunostaining was performed using a species-specific biotinylated secondary antibody, avidin/biotinylated horseradish peroxidase complex (Vectastain Elite ABC kit), and substrate-chromogen mixture (Vectastain Elite ABC kit). Immunoreactivity was visualized using Vector VIP (purple color) and Vector DAB (brown color) peroxidase substrates as chromogens. After a washing with distilled water, the sections were dehydrated in a graded series of ethanol followed by xylene and mounted with VectaMount permanent mounting media (Vector Laboratories).
For single labeling with antibodies against HuR (1:500 dilution), AQ1 (1:500 dilution), AQ2 (1:250 dilution), or TSC (1:250 dilution), sections were incubated overnight at 4°C. Antibodies against CLC-K1 (1:250 dilution) and THP (1:500 dilution) were applied for 1 h at room temperature. All antibodies for immunohistochemistry were diluted in PBS. DAB substrate was used as the chromogen for the single labeling.
Double staining was performed with antibodies against nephron segment-specific markers (AQ1, AQ2, TSC, THP, CLC-K1) and antibodies against HuR. First, sections were incubated with nephron segment-specific markers, as described for the single staining, and developed with Vector VIP peroxidase substrate to give a purple color. Sections were then incubated in 2% hydrogen peroxide in absolute methanol to remove any remaining peroxidase from the first staining. After avidin/biotin blocking for 30 min, each followed by a wash in PBS, sections were incubated overnight at 4°C with antibodies against HuR diluted as described above. The second staining was developed with Vector DAB peroxidase substrate to give a brown color. As a negative control, rat kidney sections were probed with antibody against an irrelevant epitope (V5 epitope, Invitrogen), and no staining was seen (data not shown). The intensity of nuclear staining was quantified using ImageJ software (39) .
Western blot analysis. Protein extracts from frozen kidneys were homogenized in 15 vol of 50 mM Tris ⅐ HCl, pH 8.0, containing 10% DMSO, 1 mM PMSF, 0.5 mM DTT, and 1 M leupeptin. After centrifugation at 10,000 rpm for 5 min, the supernatant protein content was determined using a BCA protein assay kit (Pierce, Rockford, IL). LLC-PK 1 cell lysates were prepared by incubating cells in MPER with protease and phosphatase inhibitor cocktails (Pierce). For Western blot analysis, proteins were separated by 12.5% SDS-PAGE (Bio-Rad, Hercules, CA) and transferred onto Hybond-P membrane (Amersham Biosciences, Piscataway, NJ). The membranes were blocked with 3% milk for 1 h and incubated with primary antibodies diluted in Blotto. Anti-mouse horseradish peroxidase-conjugated antibody and SuperSignal West Pico Chemiluminescent substrate (Pierce) were used for detection. For rat kidney Western blots, after stripping with 0.2 M NaOH for 5 min, membranes were stained in Ponceau S (Sigma-Aldrich) to verify equal loading. Quantitation of Western blots was performed using the Chemi-Doc image-analysis system with Quantity One software (Bio-Rad). Statistical analysis was performed using Student's t-test.
In situ hybridization. A 300-base pair cDNA fragment of rat HuR cDNA from position 504 to 804 was generated by RT-PCR from rat whole kidney and cloned into the pCRII-TOPO vector (Invitrogen). The resulting construct, pCRII-TOPO-rHuR, was linearized by XhoI digestion and served as a DNA template to transcribe a digoxigenin (DIG)-labeled antisense probe with SP6 RNA polymerase, using DIG RNA Labeling MIX (Roche Applied Science, Indianapolis, IN) and a MAXIscript SP6 Kit (Ambion). The region of sequence that was used to produce the HuR riboprobe did not show significant homology to any known rat sequences.
In situ hybridization was performed on 5-m sections using an IsHyb In Situ Hybridization (ISH) Kit (BioChain Institute, Hayward, CA) according to instructions from the manufacturer with modifications. Dewaxing, rehydration, and antigen retrieval of sections were done as described for immunohistochemistry. Tissues were then incubated in diethyl pyrocarbonate (DEPC)-treated PBS and fixed in 4% paraformaldehyde in PBS for 20 min. After being rinsed twice with PBS, the slides were acetylated in 0.1 M triethanolamine-HCl buffer (pH 8.0) with 0.25% acetic anhydride for 10 min. Slides were washed in DEPC-PBS, rinsed with DEPC-H2O, and prehybridized with ready-to-use prehybridization solution (BioChain Institute) for 3 h at 50°C. The DIG-labeled probe (0.15 g/l) was diluted in ready-to-use hybridization buffer (BioChain Institute) to 20 ng/l and applied to the prehybridized tissues. Sections then were incubated at 80°C for 2 min and hybridized at 48°C for 18 h. Posthybridization washing and immunological detection, using anti-DIG-alkaline phosphatase with NBT/BCIP as substrates were performed exactly as recommended by the manufacturer. AP-conjugated anti-DIG antibodies (1:100 PBS diluted, BioChain Institute), were incubated with slides for 2 h. After staining was developed, the reaction was stopped by incubation of slides in 10 mM Tris buffer, pH 8.0, 1 mM EDTA. Finally, slides were rinsed in distilled H2O and mounted in AquaPerm mounting medium (ThermoScientific, Waltham, MA). To test for any nonspecific hybridization, adjacent sections were incubated in a mixture of labeled antisense probe with excess (ϫ100) unlabeled antisense probe. As a further control, the antisense probe was assessed in sections treated with RNAse A (Sigma-Aldrich). In both cases, no visible specific signal was observed (data not shown).
RNase protection assay. An RNase protection assay (RPA) was performed by using the RPA III kit (Ambion) according to the manufacturer's specifications. For RPA of rat HuR, a 32 P-labeled probe was generated that consisted of 512 bases of 5Ј untranslated region (UTR) and upstream sequences and 60 bases of the coding region. Total RNA from frozen kidney was isolated and reverse transcribed using a Super Script first-strand synthesis system (Invitrogen). The resulting cDNA was subjected to PCR with the following primers: 5Ј-ACTTCGGAAGTGAGCGGCAG-3Ј (sense) and 5Ј-CG-TTCTCCCAATGTCATCCCTG-3Ј (antisense). The resulting PCR product was cloned into the pCR4-TOPO vector (Invitrogen), and the construct was used as a DNA template for in vitro transcription after linearization with NcoI. In vitro transcription of the labeled riboprobe was performed with 40 Ci [ 32 P]UTP (800 Ci/mmol), 15 M UTP, and T3 RNA polymerase using a Maxiscript kit (Ambion). Transcription was terminated by adding DNase I to the reaction, and labeled RNA was purified by loading the sample onto a 5% acrylamide-urea gel. The labeled full-length RNA probe was excised and eluted from the gel as specified by the manufacturer. The HuR-specific probe (4 ϫ 10 4 cpm) was mixed with 20 g of total rat RNA in the presence of the hybridization buffer, heat denatured, and hybridized for 16 h at 56°C. As a control, the HuR-specific probe was incubated with 20 g of yeast tRNA. Following digestion with RNAses A and T1, protected double-stranded RNA was precipitated, harvested by centrifugation, and run in a 5% polyacrylamide-urea gel. Protected RNA fragments were visualized by autoradiography and quantified using the Chemi-Doc image-analysis system with Quantity One software (Bio-Rad).
In vitro transcription/translation. In vitro transcription of uncapped and capped RNA was performed using the large-scale T7 MEGAscript and mMESSAGE mMACHINE transcription kits (Ambion), respectively, according to the supplier's instructions. DNA templates were generated by PCR amplification of total rat RNA extracted from rat kidney tissues as described above. Accuracy of PCR amplification was verified by sequencing. One microgram of each RNA transcript, purified by a MEGAclear purification kit (Ambion), was translated using a Retic Lysate IVT translation kit (Ambion) in the presence of [ 35 S]-methionine according to the manufacturer's recommendations. Translation products were separated by 12.5% SDS-PAGE (precast gels, Bio-Rad) and visualized by autoradiography.
RESULTS
HuR is generally considered to prevent apoptosis in cells undergoingstress,althoughundersomecircumstances,aproapoptotic activity has been noted (29) . We previously demonstrated that HuR expression is upregulated by independent translational and transcriptional mechanisms during ATP depletion and recovery in a proximal tubule cell line, suggesting a protective effect in renal epithelia (20) . To determine whether expression of HuR is protective of renal cells undergoing stress, we knocked down or overexpressed HuR in LLC-PK 1 cells undergoing ATP depletion. ATP-depleted LLC-PK 1 cells mimic alterations found in ischemic kidney proximal tubule cells, including disruption of the actin cytoskeleton (9) and activation of heat shock proteins (30) and protein kinase pathways (37) . We previously demonstrated the ability to use siRNA technology to suppress HuR in LLC-PK 1 cells under normal growth conditions (19) , and Fig. 1A demonstrates that knockdown was similarly efficient in cells undergoing ATP depletion. Measurement of caspase 3/7 activation or quantitation of condensed/fragmented nuclei demonstrated that ATP depletion of control cells resulted in increasing levels of apoptosis over a 6-h period (Fig. 1B) . Suppression of HuR expression resulted in even greater apoptosis during this pe-riod. Similar results were obtained using the human proximal tubule cell line HK-2 (data not shown). Conversely, overexpression of HuR (Fig. 1C) showed that increased HuR levels were strongly protective against apoptosis during ATP depletion (Fig. 1D) . Although only one HuR-overexpressing clonal line is shown here, a second clonal line produced very similar results (data not shown). We then wished to determine whether HuR might play a role in modulating expression levels of proteins known to play protective roles in in vivo and in vitro models of renal ischemia. The expression of Bcl-2, which is upregulated in regenerating proximal tubule cells and is protective against renal ischemic injury (6, 43), was previously shown to be modulated by HuR (1) . As demonstrated in Fig.  1E , siRNA-mediated suppression of HuR resulted in diminished Bcl-2 expression during ATP depletion in LLC-PK 1 cells. In addition, suppression of HuR mildly diminished expression of Hsp70, a heat shock protein known to be upregulated primarily in proximal tubule cells by renal ischemia and involved in a cellular-protective response (5, 41, 50) . This is consistent with other studies demonstrating the Hsp70 mRNA to be a target of HuR binding (4, 27) . Thus HuR appears to play a protective role in energy- depleted renal epithelia in vitro, leading us to propose that it will have similar functions in vivo.
We previously demonstrated that HuR expression increases by independent transcriptional and translation mechanisms during ATP depletion and recovery in LLC-PK 1 cells (20) . To determine how HuR levels are modulated in native kidneys subjected to I/R injury, rats were sham-operated or subjected to 30 min of renal ischemia followed by reperfusion for 0, 1, 6, or 24 h or 14 days. At least three animals were prepared for each time point. The mean serum creatinine value at 24 h postreperfusion was 4.14 mg/dl, indicating evidence of injury (Fig. 2) . In animals that were allowed to recover for 14 days, serum creatinine values returned to sham-operated control levels (0.3 mg/dl), indicating recovery. These animals also showed evidence of preconditioning, since a second 24-h I/R treatment did not significantly increase serum creatinine levels (Fig. 2) or cause extensive damage to proximal tubules as seen in histological sections (data not shown).
We evaluated expression and distribution of HuR protein in kidneys from sham-operated rats by double immunostaining of paraffin-embedded sections for HuR-and nephron segmentspecific markers (Fig. 3) . AQ1 was used as a marker of proximal tubules in the cortex (Fig. 3A) and the thin descending limb of Henle in the medulla (Fig. 3B) (3) . The thin ascending limb of Henle (Fig. 3C ) was distinguished as ClC-K1-positive cells in the medulla (44) . Although the anti-ClC-K antibody we used recognized both ClC-K1 and ClC-K2, in the medulla only the thin ascending limb of Henle is known to express ClC-K1 (49) . The thick ascending limb of Henle (Fig.  3D ) was identified by staining with anti-THP antibodies (17) . TSC-positive cells (Fig. 3E) were characteristic of distal convoluted tubules in the cortex (34) . AQ2 (Fig. 3F ) was used as a marker of the collecting duct (13) . As expected, in sham- Fig. 2 . Serum creatinine levels of animals used in this study. Serum creatinine levels of ischemia-reperfusion (I/R)-injured rats were measured as described in MATERIALS AND METHODS. At least 3 animals were used for each group. Values are means Ϯ SD. operated kidneys, HuR staining was predominantly nuclear along the length of the nephron. Figure 4 illustrates our examination of HuR expression and distribution in both cortical and outer medullary nephron segments subjected to sham operation or I/R injury. Analysis of adjacent paraffin-embedded sections stained with HuR-and nephron segment-specific markers was performed, although only HuR labeling is shown here. Initial observations of sham-operated kidneys showed that in both the cortex (Fig. 4A ) and outer medulla (Fig. 4G) , nuclear HuR staining of proximal tubule cells (indicated by "P") was less robust than that of non-proximal tubule cells (indicated by arrowheads). These differences were quantified and expressed graphically in Fig. 5,  A and B, which shows that cortical proximal tubule cells expressed ϳ60% of the HuR compared with non-proximal tubule cells, with outer medullary proximal tubule cells expressing a slightly higher level. Furthermore, ischemic injury appeared to affect the intensity and distribution of HuR immunoreactivity primarily in proximal tubules. In the cortex, ischemia induced partial loss of HuR staining from the nuclei of proximal tubule cells (Fig. 4B) . Based on other stress models of HuR distribution, including those in ATP-depleted LLC-PK 1 cells (19, 20) , this likely was due to transient redistribution of HuR to the cytosol; however, this translocation was not strong enough to produce an obvious increase in cytosolic HuR. After 1 h of reperfusion, HuR staining in the nuclei of cortical proximal tubule cells was recovered (Fig. 4C) . During a further course of reperfusion (6 -24 h), HuR immunoreactivity of cortical proximal tubules increased gradually and by day 14 became comparable to the level of HuR protein in other cortical segments (Fig. 4, D-F) . Graphical representation of these changes in expression is shown in Fig. 5A .
Ischemia induced obvious cytosolic HuR staining in the pars recta (S3) segment of proximal tubules, which descends into the outer medulla. Immediately after ischemia, the HuR signal was distributed almost equally between cytoplasm and nuclei (Fig. 4H) , indicating translocation of HuR out of the nucleus. After 1 h of reperfusion, HuR became relatively less abundant in cytoplasm and relatively increased in the nucleus (Fig. 4I) . Evaluation of HuR expression and distribution at 6 -24 h was limited due to intense damage of proximal tubules at these time points (Fig. 4. J and K) . However, the outer medulla of 14-day postischemic rats was characterized by intense HuR nuclear staining in newly regenerated proximal tubules (Fig. 4L) . These changes are represented graphically in Fig. 5B . No change in staining pattern or intensity was observed in cells of the inner medulla (data not shown). These data indicate that of all kidney tubule epithelia, cells of the proximal tubule effect the greatest changes in HuR distribution and expression, consistent with their highest sensitivity to injury from ischemia and reperfusion.
As further verification of these results, renal protein extracts from sham-operated and I/R-injured (ischemia only, 1, 6, or 24 h, or 14 days of reperfusion) rats were subjected to Western blot analysis. The amount of HuR protein in cortical fractions from sham-operated rats was noticeably less than that in the medullary preparation, consistent with the weak HuR staining seen in proximal tubule cells [compare Fig. 6, A (cortex) and B (medulla)]. HuR levels in the total medulla, where proximal tubule cells are a small minority of the total, were not significantly changed in the course of reperfusion (Fig. 6B) . In contrast, in the cortex, elevation of signal was observed, and by day 14 of reperfusion HuR levels in the cortex and medulla became comparable (Fig. 6, A and B) . This finding is also consistent with the increased intensity of HuR staining noted in proximal tubule cells. The changes in HuR protein levels in the cortex and medulla are represented graphically in Fig. 6 , C and D, respectively.
To examine segment-specific expression of HuR mRNA, we performed in situ hybridization on kidney sections from shamoperated rats and 14-day I/R injured rats with a specific antisense riboprobe corresponding to HuR. Figure 7A demonstrates that in sham-operated animals, intense mRNA labeling was present only in the outer stripe of the outer medulla, where S3 segments of the proximal tubule are located. The cortex, inner stripe of the outer medulla (Fig. 7A) , and inner medulla (not shown) expressed lower levels of HuR mRNA. This is in contrast to the immunolocalization of HuR (Fig. 4) , in which HuR protein of medullary proximal tubule cells was not notably higher than that of cortical proximal tubule cells. However, after 14 days of I/R injury, HuR mRNA levels increased in all parts of the nephron, including non-proximal tubule cells (Fig.  7A) . Figure 7B shows that in the cortex, proximal tubule and non-proximal tubule cells (designated by asterisks) showed comparable levels of HuR mRNA in sham-operated animals, and all types of cortical cells increased their expression of HuR mRNA proportionately after I/R injury. In the outer medulla, however, proximal tubule cells expressed greater levels of mRNA than non-proximal tubule cells, and both appeared to express more mRNA after I/R injury. Additionally, cells of the inner medulla were found to increase their HuR mRNA expression after I/R (not shown). This finding is somewhat at odds with the expression of HuR protein levels, which increased most abundantly in proximal tubule cells in both the cortex and medulla. While the discrepancies between HuR protein and mRNA levels may at first seem counterintuitive, we and others have shown that levels of HuR protein and mRNA are often decoupled (20, 33, 35) , and we have hypothesized that in proximal tubule cells, HuR expression may be under strong translational control (20) . Indeed, binding of our riboprobe within proximal tubule cells required harsher denaturation of the tissue sections than did binding of the riboprobe within non-proximal tubule cells (data not shown), suggesting that the RNA may be bound in ribonucleoprotein complexes that modulate translational capacity.
We then performed ribonuclease protection assays to examine overall HuR mRNA levels in cortical and total medullary fractions. Previous studies indicated that HuR mRNA is expressed in multiple forms with alternative transcriptional initiation sites (21) . To detect any alternative forms present in rat kidney, a 572-base RNA probe homologous to rat HuR upstream sequences was allowed to hybridize with total mRNA from sham-operated and 14-day I/R-treated animals. Figure 8 , A and B, shows that in rat kidneys two HuR mRNA forms are present that differ in the length of their 5Ј UTRs. These forms, corresponding to mRNAs with 5Ј UTRs of ϳ150 and ϳ20 bases in length are present in both cortical and medullary fractions. Ischemia, followed by 14 days of reperfusion, resulted in a parallel increase in both HuR mRNA transcripts in both the cortex and medulla. These increases are shown graphically in Fig. 8C , along with data from 1 day-I/R-treated animals. These findings are consistent with those in Fig. 7 in demonstrating increased HuR mRNA levels in both the cortex and medulla following I/R injury.
Examination of the sequences of the two HuR forms reveals that the longer mRNA contains a highly GϩC-rich 150-base 5Ј UTR (70% GϩC overall) with a secondary structure that may diminish its translatability relative to the shorter mRNA, which contains only 20 bases of AϩT-rich sequence (20% GϩC). To further explore our hypothesis that the two forms of HuR mRNA may be selectively translated, we performed in vitro translation reactions using rat HuR mRNAs that contained either 150 or 20 bases of 5Ј UTR sequence. The mRNAs were first transcribed in vitro; then, equal amounts were translated in the presence of [ 35 S]-methionine. Figure 8D (left) illustrates the two transcribed mRNA species, which were made either with or without a 5Ј cap, while Fig. 8D (right) demonstrates their relative translatability in reticulocyte lysates. As expected, capped mRNAs were more ready translatable than their uncapped counterparts; however, more notable was the extreme difference in translatability between the mRNAs containing only 20 or 150 bases of 5Ј UTR sequence. Thus, as predicted by the primary sequences and modeled secondary structure, HuR translation may be selectively regulated by expression of multiple mRNA forms.
DISCUSSION
Renal I/R injury leads to serious consequences in a variety of clinical contexts, representing a serious problem in medicine. I/R-induced changes include damage of renal tubular epithelial cells and especially cells of proximal tubules, known to be more susceptible to injury in this setting. Using an ATPdepletion model in the proximal tubule cell line LLC-PK 1 , we have suggested a role for HuR in protecting kidney epithelia from injury during ischemic stress (19, 20) . ATP depletion resulted in detectable net movement of HuR out of nucleus, followed by net movement back into the nucleus on reversion to normal growth medium. Furthermore, ATP depletion resulted in both translational and transcriptional increases in HuR expression. Here, we show that HuR, which plays an antiapoptotic role in cultured renal cells, undergoes similar alterations in distribution and expression in vivo. In rat kidneys subjected to ischemia followed by varying periods of reperfusion, only proximal tubule cells demonstrated a reversible shift of HuR to the cytoplasm immediately after ischemia, followed by gradually increased expression of HuR during the course of reperfusion. Interestingly, the intensity of HuR cytoplasmic redistribution correlated with segment-dependent vulnerability of proximal tubules to I/R injury. Cytoplasmic HuR staining was most pronounced in the acutely sensitive straight segment (S3) of proximal tubules, which descend into the outer medulla, where relative hypoxia predisposes them to greater ischemic injury (40) . The gradient in intensity along proximal tubules could be related to the protective role of a HuR cytoplasmic shift during ischemia. In the cytoplasm, HuR targets specific mRNAs, increasing their stability, inducing their translation, or performing both functions, and rarely, repressing mRNA translation (8, 22) .
Based on pull-down of HuR-mRNA complexes followed by microarray analysis, HuR has been predicted to bind several thousand cellular mRNAs (27) . Here, we have demonstrated that suppression of HuR in LLC-PK 1 cells diminishes expression of at least two molecules key to cell survival following renal ischemia and reperfusion, Bcl-2 and Hsp70. A set of potential pathways of HuR involvement in cytoprotection during ischemia can be suggested from available data on HuR posttranscriptionally regulated targets. For example, it has been reported recently that HuR, together with polypyrimidine binding protein, binds hypoxia-inducible factor-1␣ (HIF-1␣) mRNA and promotes HIF-1␣ translation under hypoxia-like conditions (14) . Activation of HIF-1␣ has been identified as an important mechanism of cellular adaptation to low oxygen. Under a decreased oxygen level, one of the conditions ischemia resulted in at the cellular level, HIF-1␣ regulates a broad range of physiologically relevant genes involved in erythropoiesis, angiogenesis, apoptosis, and energy metabolism (28) . It was shown that preconditional activation of HIF-1␣ protected against ischemic injury in rats (7) . It is striking that many of HIF-1␣ target genes are also regulated posttranscriptionally by HuR, including VEGF, COX-2, IL-6, IL-8, and GLUT1 (16, 24, 32) , and likely further contribute to the protective and adaptive role of HuR under ischemic conditions. HuR, which promotes Bcl-2 expression, has emerged as an elicitor of a broad antiapoptotic function through its influence on the expression of proteins directly (e.g., ProT␣, SIRT, Bcl-2, Mcl-1) or indirectly (e.g., p21, p27, EGF, VEGF, IGF-IR), preventing apoptosis (1, 26) . Intense nuclear staining in newly regenerated proximal tubules after I/R injury, observed in this study, is likely to be related to higher tolerance to injury in these tubules, indicating a role for HuR in renal preconditioning to consequent ischemic stress.
By acting upon various mRNA pools, HuR participates in numerous key cellular processes; thus it is of interest to know the mechanism of how HuR expression is regulated. Our data obtained previously in LLC-PK 1 proximal tubules cells suggest regulation of HuR expression by multiple means during energy depletion, including translational mechanisms (20) . We and others have found that levels of HuR mRNA and protein can be decoupled, suggesting regulation at the level of mRNA translation (20, 33, 35 ). In the current study, we found that HuR mRNA was particularly abundant in S3 segments of proximal tubules, and while I/R injury caused a nephron-wide increase in mRNA, HuR protein was selectively upregulated in the proximal tubules, both cortical and medullary. In other words, while I/R injury caused global upswings in HuR mRNA levels, increased translation was confined to those cells most susceptible to injury; i.e., the proximal tubule cells. Promiscuous overexpression of HuR protein is not desirable, given that increases in HuR of even a few-fold have been associated with oncogenicity (25) . However, having ready pools of HuR mRNA in reserve may be one mechanism by which cells can rapidly and transiently synthesize new HuR protein under stressful conditions. Indeed, we found such a mechanism to be present in LLC-PK 1 cells, where recovery from ATP depletion resulted in increased levels of HuR mRNA without its accompanying translation. Only upon further stress did new, rapid translation occur (20) . Additional studies will be required to determine how translational control may affect HuR expression in native rat kidney. However, it is tempting to speculate that the high levels of HuR mRNA in 14-day I/R-treated animals, which are preconditioned against further injury, would allow rapid translation of HuR, and thus, protection against apoptosis.
In this study, we found HuR to be transcribed in two forms with alternate 5Ј UTRs, and the relative ratios of these transcripts were maintained even as total HuR mRNA levels increased. Our results indicate that the longer form of HuR mRNA is significantly less translatable than the shorter form, due to the length and high GϩC content of its 5Ј UTR. However, our preliminary results in LLC-PK 1 cells suggest that proximal tubule cells specifically upregulate only the shorter mRNA during ATP depletion and recovery (Ayupova DA, unpublished observations), which would result in cellspecific increases in translation. It is possible that this was not seen in the present studies since we used whole rat kidney cortex, where non-proximal tubule cells might mask specific responses in proximal tubules. Additional preliminary results suggest that in LLC-PK 1 cells, the initiation site for the shorter HuR transcript is subject to control by BMP/Smad signaling (Jeyaraj S, unpublished observations), which plays an important role in kidney development and attenuation of cell death following ischemic injury (45, 46) . Further analysis of HuR mRNA and protein expression is required to define the mechanisms by which HuR levels are modulated.
In summary, our data demonstrate that expression and distribution of HuR during I/R injury to the kidney are altered in a nephron segment-specific manner. Although expressed at lower levels in proximal tubules under sham conditions, HuR was noticeably increased in intensity in cortical and newly regenerated proximal tubule segments in reperfused and preconditioned rat kidneys. A transient shift of HuR to the cytoplasm, where it regulates target mRNA stability and translation, was observed only in proximal tubules immediately after ischemia. Taken together with our findings showing an antiapoptotic role for HuR in a proximal tubule cell line, these data suggest protective and preconditioning roles of HuR in renal ischemic injury. Furthermore, the nonparallel changes in HuR protein and mRNA during I/R injury, coupled with the existence of multiple forms of HuR transcripts, are an indication of posttranscriptional mechanisms involved in its expression.
